ABSTRACT
INTRODUCTION P
HAGOC YTOSIS REFERS to the physical act of engulfment of large particles (.0.5 mm) by cells, and it is a critical step in the initiation of immune responses against foreign particulate antigens. An understanding of this phenomenon, particularly in regard to dendritic cells, is a prerequisite to elucidating host defense mechanisms and to develop methods to manipulate body immune responses. Dendritic cells constitute a system of highly potent antigen presenting cells that have been isolated from most body organs in trace amounts. (1) Most of the current knowledge concerning human dendritic cells has been obtained from research studies made with cells isolated from skin, cultured and fresh human blood, and tonsils (2) as well as lung tissue. (3) However, hu-man dendritic cells have also been propagated from hematopoietic precursors such as neutrophil committed granulocytes, (4) cord blood (5) and bone marrow CD34 1 (6) cells, and nonproliferating CD4 1 monocytes from peripheral blood of healthy adults. (7) Although none of these dendritic cells propagated in vitro could be said to be true copies of isolated cells, dendritic cells isolated from human lung were recently shown to exhibit some characteristics of monocyte-derived dendritic cells such as low expression of costimulatory molecules CD40, CD80, and CD86, poor expression of differentiation marker CD83, no CD1a, and a good capacity to incorporate dextran. (3) Monocyte-derived dendritic cells also offer an advantage in that blood is readily accessible, and therefore a large pool of synchronized homogenous cell populations at immature and mature stages can be generated with the help of cytokines and maturation signals. Although human monocyte-derived dendritic cells are reported to possess a high rate of fluid phase endocytosis, (8) and the ability to phagocytize apoptotic cells, (9) Trypanosoma cruzi trypomastigotes, (10) and even Borrelia burgdorferi, (11) their phagocytic capacity has not been determined.
Evidence available from dendritic cells isolated from mice and rat tissues suggests that dendritic cells are phagocytic when young and located in peripheral organs such as the lung, but possess a high T cell stimulatory capacity and no phagocytic ability when mature and located in lymphoid tissues. (12) To estimate the phagocytic capacity of human monocyte-derived dendritic cells, at immature and mature stage, we used morphometry, a potent procedure in quantitative microscopy. Besides being applicable without the use of expensive measuring devices, (13) morphometry makes it possible to measure, without bias, the individual cell particle loading. (14) For this purpose, we incubated human peripheral blood monocyte-derived dendritic cells with polystyrene particles for 24 h and estimated the percentage of cells (phagocytic index) that were phagocytic and the volume fraction of the phagocytized particles defined as volume density. To visualize this better, we also compared the phagocytic capacity of human monocyte-derived dendritic cells at both immature and mature stages with that of well-known phagocytes such as human alveolar macrophages and their progenitors, the peripheral blood monocytes, under similar experimental condition.
MATERIALS AND METHODS

Cell culture
Isolation of human peripheral blood monocytes and culture of human dendritic cells. Human peripheral blood monocytes, and mature and immature dendritic cells were prepared as previously described. (3) Briefly, human peripheral blood mononuclear cells from three healthy donors (Blood Donation Center, University Hospital of Geneva) were isolated by sedimentation over Ficoll-Paque (Pharmacia, Uppsala, Sweden). Monocytes were obtained from the mononuclear cells on Percoll gradient (Pharmacia, Uppsala, Sweden). The monocytes were recovered and plated in six-well tissue culture plates (Costar, Cambridge, MA) at 5 3 10 6 cells/well in 5 mL of RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum, 2 mM glutamine, and 100 U/mL penicillin/streptomycin (all from GIBCO-BRL, Grand Island, NY). Interleukin 4 (R&D Systems, Minneapolis, MN) and granulocyte macrophage colony stimulating factor (Immunogenex Corp, Los Angeles, CA) were added at a final concentration of 10 ng/mL each. Fresh media containing granulocyte macrophage colony stimulating factor and interleukin 4 was added on day 3. On day 6, maturation of immature dendritic cells was induced by addition of lipopolysaccharide (Escherichia coli 055:B5; Difco, Detroit, MI) at a final concentration of 1 mg/mL and an additional 3 days of culture. The purity of the resulting dendritic cells was confirmed by fluorescent-activated cell sorter analysis. (3) For this purpose, cells were stained using specific and control isotype monoclonal antibodies, followed by FITC-conjugated goat antimouse antibodies. The stained samples were analyzed on a FACScan (Counter, EPICS, XL-MCL or Becton Dickinson). The following primary antibodies were used: CD83 (HB15A) and CD40 (MAB89) from Immunotech, Marseille, France; CD80 (L307.4) purchased from Becton Dickinson, San Jose, CA; CD 86 (IT2.2) and CD64 (10.1) from PharMingen, San Diego, CA; and CD14 (MY4) from Counter Clone, Hialeah, FL. The secondary antibody used was FITC isotype-specific goat antimouse immunoglobulin from Immunotech, Marseille, France. The DC were also analyzed for their capacity to endocytose dextran. For this purpose, the DC were suspended in PMI 1640 medium at a density of 1 3 10 6 cells/ml, and FITC-dextran (Molecular Probe, Eugene, OR) was added at a final concentration of 1 mg/mL. The cells were incubated for 1 h at 4°C (control) or 37°C, and then washed three times with cold medium containing 0.01% sodium azide and analyzed on a FACScan for dextran uptake. The immature dendritic cells were characterized by high FITC-dextran incorporation, low levels of CD83 and CD86, and expression of CD40 and CD80. Mature dendritic cells were characterized by a loss of FITC-dextran uptake, and high levels of CD80, CD40, CD86, and CD83. CD83 is a specific cell surface marker for mature dendritic cells.
Isolation of human alveolar macrophages.
Human alveolar macrophages were obtained by bronchoalveolar lavage of major airways of surgical specimens from three donors by washing with 0.9% sodium chloride. The cells obtained were over 85% alveolar macrophages as determined by differential counting of Wright-stained smears. The cells were centrifuged and suspended in RPMI 1640 medium, and the contaminating red blood cells were removed by centrifugation on Ficoll-Paque density gradient.
Uptake of polystyrene particles
The uptake of polystyrene beads was carried out with cells in suspension. The monocytes, immature and mature dendritic cells, and alveolar macrophages were washed twice in Hanks balanced salt solution (GIBCO-BRL), resuspended in fresh RPMI 1640 medium at 1 3 10 6 cells/mL and cocultured with polystyrene microspheres (Fluoresbrite YG carboxylate microspheres of 1.5 mm in diameter, Polysciences, Inc., Warrington, PA) in 15-mL Falcon ® tubes (Becton Dickinson AG, Basel, Switzerland) at a concentration of 50 microspheres per cell for 24 h. The tubes were shaken regularly to avoid sedimentation of the cells and the particles. Immature dendritic cells were used on day 6 of culture, while mature dendritic cells were used on day 9.
Processing the cells for transmission electron microscopy
The cells were processed for transmission electron microscopy in suspension. Cells in suspension were washed three times in Hanks balanced salt solution and resuspended in 2.5% phosphate- 
FIG. 2.
Estimation of volume density of phagocytized particles (V v(pc) ) on a transmission electron micrographs of a monocyte. The volume density of the phagocytized particles was calculated as a fraction of all points (arrowhead) falling on the particle (P) divided by all the points falling on total cell profile including the nucleus from randomly selected micrographs. Bar 5 1 mm.
buffered glutaraldehyde solution at pH 6.8. The glutaraldehyde-fixed cells were centrifuged, postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer, and contrasted in 0.5% uranyl acetate in 0.05 M maleate buffer. This was followed by dehydration in a graded series of ethanol (70%, 80%, 96%, 100%, and 100%) and gradual replacement of ethanol with propylene oxide before infiltrating and embedding the cells in epoxy resin.
Semithin and ultrathin sections were cut using a Reichert Austria ultramicrotome. The ultrathin sections were picked on 200-mesh carbon-coated copper grids, stained with uranyl acetate, counter-stained with lead citrate, and observed with a Phillips 300 transmission electron microscope under an accelerating voltage of 60 kv. The semithin sections were collected on glass slides, stained with 0.5% toluidine blue, and viewed under a light microscope.
Estimation of phagocytic index
Three independent samples were processed for each cell type. Each sample was embedded in epoxy resin, and one semithin section was prepared as described above. The semithin sections were projected to a monitor connected to a light microscope at a final magnification of 33,800, and fields were sampled in a systematic random manner until an average of 140 cell profiles were counted per section in unbiased way using the forbidden line rule (15) (Fig. 1) . The phagocytic index (PI) was estimated from:
where C (p) represents the cell profiles containing particles and C (0) the cell profiles that did not contain particles.
Estimation of the volume density of phagocytized particles
The volume density of phagocytized particles Vv (p,c) , is the ratio of the total volume of phagocytized particles to the total cell volume. This ratio can be estimated by point counting on plane sections. (15, 16) For this purpose, one ultrathin section was randomly sampled from each processed sample, and 32 fields were systematically subsampled from each section. The corresponding micrographs were recorded on 35-mm electron microscope film, which were projected on a screen at a final magnification of 313,200. A transparent test grid bearing a square lattice of points was overlaid with random position on each projected image (Fig. 2) . The total number of test points falling on profiles of the phagocytized particles P (p) , and on cell (cytoplasm and nucleus) profiles P (c) , were counted (a particle profile is the intersection between a particle and a plane section; similarly for a cell profile). An estimator of the volume density of the phagocytized particles is then as follows:
which is statistically unbiased (i.e., there is no systematic error due to the sampling or counting procedures) provided that the plane section and the test grid are randomly positioned.
Data analysis
The data were analyzed on an S-Plus statistical package by nonparametric Kruskal-Wallis test. (17) When this test indicated significant differences in PI and V v between the four cells types, the nonparametric Wilcoxon rank-sum test was used to compare individual cell types. (17) In both instances, p # 0.05 was considered as the limit of statistical significance.
RESULTS
At electron microscopy, the dendritic cells were characterized by large membrane protrusions, Golgi complex, abundant rough endoplasmic reticulum, numerous mitochondria, and well-defined bundles of intermediate filaments (Fig. 3) .
Qualitative observations of the cell profiles from the semithin sections at light microscopy revealed that dendritic cells were phagocytic, although much less than their progenitors (the monocytes and professional phagocytes), the human alveolar macrophages. The phagocytic capacity declined as monocytes differentiated into immature dendritic cells and declined even further as the immature dendritic cells matured (Figs. 4-6 ). The phagocytic capacity of human alveolar macrophages (Fig. 7) was qualitatively comparable to that of monocytes. 
FIG. 9.
A transmission electron micrograph of a dendritic cell showing a polystyrene particle (P) in the process of being internalized. Note the slender elongated pseudopods (arrow) that are closely apposed to the wall of the polystyrene particle. Bar 5 0.5 mm.
human alveolar macrophages. The phagocytic index was not significantly different between alveolar macro-phages and monocytes. However, the phagocytic index was fourfold higher in monocytes and alveolar macrophages than in mature dendritic cells (p , 0.05). In contrast, the phagocytic index was just about twofold higher in alveolar macro-phages and monocytes than in immature dendritic cells (p , 0.05), and twofold higher in immature dendritic cells than in mature dendritic cells (p , 0.05).
Transmission electron micrographs of the dendritic cells revealed that the dendritic cells take up polystyrene particles through conventional phagocytosis, where slender elongated pseudopods protrude from the cell surface to engulf the particles (Fig. 9) . Once internalized, the particles are contained in phagosomes whose membranes are closely opposed to the particle surface (Fig.  10) . Each particle occupied a single phagosome, indicating that they were taken as singlets and no fusion occurred between phagosomes. On average, a monocyte phagocytized more particles than dendritic cells and alveolar macrophages (Figs. 11-14) . Figure 15 shows the volume densities (V v(p,c) ) of the phagocytized particles in monocytes, immature and mature dendritic cells, and alveolar macrophages. Monocytes had a three fold higher V v(p,c) than alveolar macrophages (p , 0.05). However, the V v(p,c) was four-and 30-fold higher in monocytes than in immature and mature dendritic cells respectively (p , 0.05). V v(p,c) was 1.5-and 11-fold higher in alveolar macrophages than in the immature and mature dendritic cells, respectively (p , 0.05), and sevenfold higher in immature dendritic cells than in mature dendritic cells (p , 0.05).
DISCUSSION
This study shows both morphologically and quantitatively that human monocyte-derived immature dendritic cells are phagocytic and that their phagocytic capacity is lower than that of professional phagocytes (alveolar macrophages) and that of their progenitors (peripheral blood monocytes), and higher than that of mature dendritic cells. The lower phagocytic capacity is reflected both by the percentage of phagocytic cells as well as by particle cell load. The study further shows, similar to what has been reported after infection by mycobacterium tuberculosis, (18) that human monocyte-derived dendritic cells downregulate but do not abolish their phagocytic capacity on maturation. Dendritic cells were initially identified as cells of a distinct lineage, mainly due to their lack of endocytotic activity. (19) However, evidence obtained from mice (20) and rats (21) serve as sentinels in peripheral organs (e.g., the respiratory tract (22) ) but later lose this capacity to become professional antigen presenting cells. Although the human monocyte-derived immature dendritic cells are phagocytic, as defined by their relatively high phagocytic index, they exhibit a relatively low particle load per cell, an observation that would appear discordant with their reported potency in antigen presentation. However, this can be understood when one considers that dendritic cells have to migrate to the regional lymph nodes after internalizing anti- gens, where an immune response is initiated. (23) Data from studies done on alveolar macrophages in vivo suggest that large particle burdens result in reduced particle clearance rate. (24) Although the reasons for this reduced clearance are not well defined, it is logical to speculate that a larger particle burden in dendritic cells would interfere in their migratory role. Moreover, very low quantities of antigen are required for antigen presentation, and hence dendritic cells do not need to phagocytize large amounts of antigen. (25) Furthermore, although dendritic cells exhibit a low particle cell load, which is about 76.1% lower than that of monocytes, the percentage of phagocytic cells is only 42.8% lower with respect to monocytes. This quality of dendritic cells combined with the fact that only one dendritic cell is necessary to turn on 100-3,000 T cells (23) may compensate for the low cell particle load.
Monocytes represent a source of precursors that can polarize towards dendritic cells or macrophages depending on the external stimuli. (26) This polarization can be driven in vitro by addition of appropriate cytokines such as macrophage colony stimulating factor for macrophages and interleukin 4 plus granulocyte macrophage colony stimulating factor for dendritic cells. (27) Although the functional properties of dendritic cells generated in vitro are not expected to fully represent the in vivo populations, a recent study showed that dendritic cells isolated from human lung exhibit many characteristics of monocytederived dendritic cells. These characteristics include low expression of costimulatory molecules CD40, CD80, and CD86, poor expression of differentiation marker CD83, no CD1a, and a good capacity to incorporate dextran. (3) However, it is interesting to note that both the phagocytic index and the volume density of the phagocytized particles were higher in alveolar macrophages than in the dendritic cells. Alveolar macrophages occupy the luminal aspect of the epithelium, where they serve the role of clearing particles inhaled and deposited in the respiratory tract. (24) In contrast, airway dendritic cells occupy the basal aspect of the epithelium, from where they send long processes between the epithelium, reaching up to the apical cell junctions. (22) Whether dendritic cells and alveolar macrophages compete or cooperate in maintaining a healthy lung has not been elucidated. Scavenging by alveolar macrophages is a highly efficient form of particle uptake that leads to airway clearance. (28) However, dendritic cells only phagocytize such amounts as would be necessary to initiate an immune response. (25) Dendritic cells express a number of receptors that mediate antigen acquisition. Two of the best characterized receptors, DEC-205 (30) and mannose receptors, (3) are involved in the uptake of targets exposing mannosylated glycoproteins. Dendritic cells also express receptors such as Fc-g and Fc-e receptors that mediate phagocytosis of opsonized targets. (31) Mannose (3) and DEC-205 (32) receptors' expression on the cell surface decline on dendritic cell maturation. The phagocytic capacity presented in this study, by the nature of particles used, measured nonspecific phagocytosis. The rationale for such a study may be questioned when one considers the ever increasing importance of receptor-mediated endocytosis. (33) However, since polystyrene microspheres can be coated with appropriate opsonins for studying receptormediated phagocytosis as well as other cellular effects associated with particulate uptake, (34) experiments with nonopsonized particles would be appropriate in determining the contribution of opsonins in such studies. Furthermore, unlike certain particles such as bacteria, polystyrene particles do not induce maturation of dendritic cells, (35) an observation that favors their use in determining the baseline phagocytic capacity of the dendritic cells. Moreover, research from a variety of experiments have reported that inert particles can pass through the airway epithelium into the interstitium either in alveolar macrophages (36) or as free particles, (37) and subsequently they will be transported to the regional lymph nodes. What- ever the case, the fact that dendritic cells form a close network on the basal aspect of airway epithelium, and in the light of our observation that immature dendritic cells are moderately phagocytic, makes it all the more likely that these cells encounter and subsequently phagocytize the free particles or particles released from epithelial cells and/or from airway macrophages. These cells may later differentiate into the highly motile mature dendritic cells and translocate to the T cell areas in the regional lymph nodes. Evidence has already been adduced that dendritic cells are capable of trapping antigens that gain access to the tracheal epithelium. (38) Further, a recent study reported that dendritic cells isolated from the lymph nodes after an airway challenge with an antigen (39) could stimulate the proliferation of antigen immune T cell in vitro without added antigen, suggesting that they had obtained the antigen from the airways.
In conclusion, this study shows that monocytederived immature dendritic cells take up particles although much less than their progenitors (the peripheral blood monocytes) and professional phagocytes (the alveolar macrophages), and that this uptake is highly downregulated when they differentiate to professional antigen presenting cells. A study of the cytoskeleton and plasma membrane receptors of all these cell types would be pertinent in elucidating the observed differences in phagocytic capacity.
